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Summary of activities in the period covered by this final technical report
a. Pseudomorphic SCH laser structures.

The reporting period of the previous three year grant ended in the time frame when we had
just reported the development of the Zn(Se, Te) graded contact scheme for contacting p-type ZnSe.
The device configuration developed by the Purdue/Brown group, which had been the focus of
developments in the previous reporting period, was a pseudomorphic structure based on ZnSSe
where the optical waveguiding was provided by an array of six quantum wells. The rationale
behind the configuration was an attempt to avoid the misfit dislocations at the boundary between
the cladding and waveguiding regions which were a characteristic of all previous separate
confinement heterostructure configurations (SCH). The group at SONY then reported success, at
least at low temperatures, with a structure which was the same as the Purdue/Brown structure, but
where the alloys used were replaced by wider bandgap compound. The structure was primarily
composed of ZnMgSSe where the addition of Mg provided for lattice matching to GaAs with a
wider bandgap than had been possible with the ZnSSe used in the Brown/Purdue pseudomorphic
structure. The demonstrated usefulness of the Mg-containing alloy led us (Appendix A), as well
as Philips and 3M to quickly fabricate a separate confinement heterostructure laser in which the
quaternary served as cladding layers to ZnSSe optical waveguiding regions bracketing the ZnCdSe
quantum well. Using such structures, with a suitable modification to our graded bandgap ohmic
contact scheme, we were able to reduce our threshold voltages to 7 volts while increasing the room
temperature duty cycles to over 20% before failure. Subsequently (see below), the threshold was
reduced to about 5 volts as room temperature cw was obtained.

b. Electron injection at the ZnSe/GaAs heterovalent interface.

As the use of the graded contact scheme significantly reduced the laser operating voltage, it became
important to examine the small but finite voltage drop at the ZnSe/GaAs heterovalent interface.
Thus, activities in the initial year of the period covered by this report included the study of electron
injection at the GaAs/ZnSe heterovalent interface. It was found, in a continuation of ZnSe/GaAs
interface studies carried on under a previous AFOSR grant, that the voltage at the heterovalent
interface could be reduced by efforts to reduce the interface state density at the ZnSe/GaAs interface
by nucleating the ZnSe on a GaAs epilayer having the appropriate surface reconstruction.

¢. Compositional modulation in sulfur-containing alloys of ZnSe.

The close ties to TEM provided by the grant resulted in the first reports of compositional
modulation in a II-VI alloy. It was found that the quaternary, above a certain bandgap, as well as
the ternary ZnSSe (at sufficiently high S fractions), exhibited an anistropic, quasi-periodic
compositional modulation in a particular <110> direction. Details of this work are described in




Appendix B of this report.
d. Low voltage, room temperature cw blue/green laser diodes

In the beginning of the second year of the current three year grant we (the Brown/Purdue
group), along with SONY, reported the first room temperature cw operation of a blue/green laser
diode. In the December 1993 issue of Electronics Letters (Appendix C) both the Brown/Purdue
group (20 second lifetime) and SONY (1 second) published the first reports of low voltage room
temperature CW laser diodes. These remained the only two groups with this capability until the
fall of 1994 when Philips also reported room temperature CW for 4 seconds and Matsushita
reported 1 second. It is important to note that all the aforementioned groups (plus 3M which
currently holds the lifetime record of 3 hours) are currently employing the Zn(Se,Te)
heterostructure graded contact scheme (for contacting p-ZnSe) first proposed and demonstrated by
the Brown/Purdue group. '

e. Degradation of laser diodes.

Since the first reports of room temperature cw operation, the major issue limiting the
development of commercial blue/green devices is the degradation occurring in the active region
which eventually reduces the gain to the point where lasing ceases. The mechanisms of
degradation have been studied by our group using electroluminescence microscopy (primarily at
Brown University) to observe the event in real time, followed by ransmission electron microscopy
of degraded devices (primarily at Purdue) t© determine the microscopic mechanisms involved in the
degradation.

The microstructural analysis (Appendix D) of degraded laser structures revealed that the
degradation originated from two causes. The first problem is the presence of stacking faults which
generate threading dislocations. These threading dislocations pass through the quantum well
region of the laser device and act as nucleation points for the growth of patches of dark line
defects. The networks of dislocation dipoles which make up the nonradiative patches grow due to
the second problem which is the presence of point defects. The dislocation networks which form
the dark patches grow due to a mechanism of nonradiative recombination assisted climb of
dislocations associated with the presence of point defects. Itis encouraging that initial efforts to
reduce the density of point defects have been successful; this does not appear to be an intrinsic
problem. The occurrence of stacking faults became the focus of interest for several groups. The
occurrence of stacking faults still appears to be of extrinsic origin as, provided correct growth
techniques are employed, they are not nucleated within the upper layers of the laser structures, but
appear (at current detection resolutions) only in the vicinity of the heterovalent interface between
ZnSe and the GaAs buffer layer.

We are pleased to report a significant decrease in the stacking fault density over the past
year. First it is necessary to state that our previous estimates of stacking fault densities were low
by about a factor of two or three. The previous estimates were based on plan view TEM imaging.




Over the past year we have developed the ability to measure the density of extended defects by
counting the density of etch pits. Using the etching technique we determined that our first room
temperature cw lasers actually had stacking fault densities in the 5x103 to 1x100cm-2 range. By
employing a variety of techniques, in the last year of the reporting period we had succeeded in
reducing the densities of extended defects to a level of mid 104cm2, but not consistently. Since
the end of the period covered by this report we have reduced the densities of extended defects into
the 103cm2 range, and are now consistently in the low 104cm-2. Over the past year we have
placed our emphasis on reducing these densities. In the coming months we will resume the growth
of laser structures in order to determine how the lifetimes will be extended as a result of the
aforementioned reduction in extended defects.

f. The AX center - increasing resistivity with bandgap of alloys of ZnSe doped
with nitrogen

The room temperature CW lasers mentioned above operate at approximately 508nm in the
blue/green portion of the spectrum. In March 1993 at the spring meeting of the Materials Research
Society in San Francisco we reported what at that time was the shortest wavelength operation for a
room temperature injection laser at 480nm. Those devices were operated pulsed to about 10% duty
cycle and had a threshold voltage of about 9 volts. Since that time we have reported a new laser
device, again at the shortest reported room temperature wavelength of 462 nm. These devices have
a threshold voltage of 10.5 volts. The increase in operating voltage as the wavelength is reduced
appears connected to the increased impedance of the relatively wide bandgap cladding layers of
these pseudomorphic separate confinement heterostructure lasers. In temperature dependant Hall
measurements (made possible by the fact that the Zn(Se,Te) graded contact remains ohmic down to
cryogenic temperatures) we have determined the acceptor activation energies in our films. The
activation energy is observed to increase rapidly as the bandgap is increased in going from ZnSe to
ZnSSe, and then to ZnMgSSe. Although our previous studies have indicated that nitrogen in ZnSe
behaves as a hydrogenic impurity, the observed increase in activation energy with bandgap is quite
inconsistent with an effective mass model for a hydrogenic impurity. In the third year of the
reporting period we were able to provide an explanation for this previously puzzling phenomenon.
It appears that the apparent high activation energy (hence resistivity) observed in the wide bandgap
alloys is the manifestation of a DX-like deep center behavior. Details are to be found in the copy of
a Applied Physics Letters reprint in Appendix E. Itis of particular interest to note that, although
scores of studies have been reported on DX centers in n-type semiconductors of all types, there has
been no previous report of such behavior for acceptors in any p-type semiconductor; we have
called this phenomenon an AX center. Besides the implications for short wavelength lasers, this
discovery has had some considerable impact on semiconductor theorists having interest in such
issues.
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The growth and performance of pseudomorphic separate confinement heterostructure
blue-green laser diodes are described. The devices incorporate the (Zn,Mg)(S,Se) quaternary as
cladding layers surrounding a Zn(S,Se) waveguiding layer, and having single or multiple
quantum wells of (Zn,Cd)Se. Devices have been operated at room temperature under pulsed
conditions (~1 us, 10~ duty cycle) for periods up to 1 h. X-ray rocking curve full width at
half-maxima as low as 44 arcsec were obtained for a laser structure employing quaternary
cladding layers (Mg=9%, S=12%), consistent with transmission electron microscope
observations showing no dislocations or stacking faults. The Zn(Se,Te) graded contact was
adapted to form an ohmic contact to the top p-type quaternary layer.

Following the first demonstrations of the blue-green
diode laser,"* further developments of the ZnCdSe/ZnSe/
ZnSSe single-(SQW) and muitiple-quantum-well (MQW)
devices have included pulsed room temperature’ and cw
operation at 77 K.* Over this temperature range, the emis-
sion wavelengths vary typically from about 470 to 520 nm.
Subsequently, several other groups have also reported di-
ode laser operation at cryogenic temperatures in either
identical or very similar ZnSe-based structures.” In an
interesting recent development, a group at Sony Research
Center employed a wider band gap quaternary (Zn-
,Mg) (S,Se) as the barrier layer material to shift the emis-
sion wavelength of a ZnSe/(Zn,Mg)(S,Se) MQW laser
(which was operated at 77 K) to 495 am.}?

In this letter we describe techniques for the growth of
the (Zn,Mg) (S,Se) compound by molecular beam epitaxy
(MBE), and the incorporation of the quaternary in a
pseudomorphic separate confinement heterostructure
(SCH) diode configuration designed to explore the oppor-
tunities presented by this alloy. In contrast to the previous
blue/green diode laser designs, the potential advantages
afforded by the quaternary lie in the direction of providing
the enhanced optical confinement of the SCH configura-
tion, while at the same time preserving a pseudomorphic
structure. Qur SCH devices have been operated at room
temperature with pulsed excitation (~1 us, 10~ duty cy-
cle) for periods up to 1 h. (Previous devices typically failed
after 2-3 min at room temperature.) Philips Laboratories
has recently obtained nearly 400 K operation with 10-50
ns pulses in a similar structure.’ It appears that this qua-
ternary compound, given the advantages of a considerably
more flexible heterostructure design, could provide the key
to achieving room temperature cw laser operation.m

A Perkin-Elmer 430 modular MBE system with sep-
arate 11-VI and III-V growth chambers was employed in
this study. The laser structures were grown on homoepi-
taxial (100) GaAs buffer layers. The cladding, confine-
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ment, and QW layers were grown in a II-VI growth cham-
ber with elemental Zn (6N), Se (6N), and Cd (6N) from
Osaka Asahi, ZnS (6N) from Sumitomo, and Mg (4N)
from Cerac. Zn(Se,Te) graded contact layers, which we
reported recently as a low-resistive ohmic contact to p-type
Zn(S,Se),'! were grown in a second II-VI chamber.?
Sticking coefficient ratios among the constituent elements,
derived from the measurement of fluxes (using a quartz
crystal monitor) and quaternary compositions from sev-
eral epilayers, were used to control the alloy fractions. Sub-
strate temperatures were monitored during growth by an
infrared pyrometer which was calibrated in advance from
the oxide desorption temperature (582 °C) of (5 H;SO,4: 1
H,0, : 1 H,0) etched GaAs substrates (in the 1-v
growth chamber). Various structural configurations and
growth parameters were explored. One variation between
samples was the growth temperature of the different II-V1
layers. In some structures the growth temperature was
maintained at 260 °C throughout; in other structures the
(Zn,Mg)(S,Se) cladding layers were grown at 260 °C,
while the Zn(S,Se) and (Zn,Cd)Se layers were grown at
245 °C. For the growth of all the II-VI compounds, the flux
ratios were adjusted to maintain a barely anion-stabilized
surface, as evident by a diffuse (2 1) surface reconstruc-
tion. The growth rate of the quaternary was 0.5 um/h as
confirmed by both selective wet etching and transmission
electron microscope (TEM) imaging. A solid ZnCl,
source and a rf nitrogen plasma cell were used to provide
n-type (Cl doped) and p-type doping, respectively, for the
II-VI compounds. The typical doping levels in the
Zn(S,Se) layers were similar to those of previous laser
devices.' The hole concentration, as determined from Hall
measurements using the aforementioned graded ohmic
contacts, was 3.3X 10" cm 3.

The conditions for the growth of the quaternary epil-
ayers were derived through an iterative procedure, with
structural quality evaluated by x-ray diffraction rocking
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FIG. 1. X-ray rocking curves of a laser structure employing
Zng.91Mgo 09S0.125€0.43 quaternary cladding layers. The features appearing
on the high-angle side of GaAs are attributed to the Zn(S,Se) region. The
dimensions of the sample structure are shown in the inset of Fig. 3.

curve analysis and cross-sectional TEM. The alloy frac-
tions were measured using a CAMECA SX50 electron mi-
croprobe the conventional energy dispersive X-ray spectros-

copy (EDX) technique was found not applicable due to’

the relatively weak intensity of the Mg fluorescence. Pho-
toluminescence measurements were used to determine the
band gap of the quaternary.

X-ray rocking curves were measured using a four crys-
tal Si monochrometer. Narrow rocking curves were ob-
tained over a range of alloy fractions corresponding to a
lattice mismarch to GaAs of up to 0.23%, and where the
quaternary layers were under compression. The absence of
dislocations in cross-sectional images indicated the pseudo-
morphic nature of the layers whose thicknesses were in
excess of 0.75 um. Full width at half-maximum (FWHM)
values of as low as 44 arcsec were obtained for a laser
structure with the waveguiding and QW regions grown at
245 °C. (The dimensions of the SCH SQW laser structure
are shown in the inset of Fig. 3.) The features at the
higher-angle side of the GaAs peak are likely from the
Zn(S,Se) confinement layers (thickness=4000 A). Simu-
lations using dynamical theory suggest that these muitiple
peaks are due to reflection interference from the
(Zn,Mg) (S,Se)/Zn(S,Se) interfaces. The features sur-

o s e R

FIG. 2. Cross-sectional bright-iield TEM image of a laser structure grown
on a GaAs buifer layer.
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FIG. 3. Pulsed output power vs injection current for a 1000-um-long
device. The electrical excitation is appiied in 500 ns pulses at a repetition
rate of 5 kHz. A schematic diagram of the laser structure is shown in the
inset, the dimensions shown were determined from a TEM image.

rounding the main diffraction peak (FWHM =44 arcsec)
of the (Zn,Mg)(S,Se) cladding layers (at the lower-angle
side) are likely due to a slight unintentional drift of the
growth parameters which results in a small change in alloy
fractions. As was previously discussed for InGaAsP,"*
x-ray features related to those we observed were theoreti-
cally explained in terms of a slight drift in alloy fraction.
Layers under tension tend to exhibit surface lines or cracks
lying in both (110).

The bright-field cross-sectional TEM image of a SQW
laser structure is shown in Fig. 2. The absence of
threading/misfit dislocations and stacking faults, which is
qualitatively consistent with the measured x-ray FWHM of
44 arcsec, indicates that the 1I-V1 laser structure is pseudo-
morphic to the GaAs epilayer.

The heterostructures were fabricated into gain guided
laser devices with cleaved end facets defining resonators of
lengths ranging from 500 to 1500 pm. Stripe widths of 20
um were used to laterally define the current to approxi-
mately this dimension (though current spreading up to 10
pum was evident in the active region). The devices were
mounted on ceramic blocks with the GaAs substrate in
contact with the block. The lasers have been operated over
a range of temperatures: in this letter we focus on their
performance at room temperature only. The electrical ex-
citation was pulsed, ranging from =1 us t0 100 ns in du-
ration, at repetition rates of 1-10 kHz. In many devices the
gain guiding was sufficient t0 limit the spatial output to a
single or nearly single transverse mode of the laser, espe-
cially near the threshold. The device lifetime varied de-
pending on the electrical puise width and the duty cycle.
At a duty cycle of 10~ and pulse width of 1 us we have
operated the devices for more than 1 h. For brief periods of
time (on the order of seconds), duty cycles in excess of
10% have been reached.
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FIG. 4. Output spectra of 500-um-long laser devices below and above
threshold, showing the spectra relationship between spontaneous and
stimulated emission. The inset shows the spectra (under higher resolu-
tion) slightly above threshold, displaying the longitudinal mode content.

Figure 3 shows the room temperature emission char-
acteristics of a 1000-um-long SCH SQW device (shown in
the inset) which was grown entirely at 260 °C, as a func-
tion of the input current. The output power refers to inte-
grated optical pulse energy divided by the individual cur-
rent pulses. The actual optical power is higher by as much
as 30% due to the nonrectangular shape of the laser pulse.
We have observed that the threshold current density is
nearly inversely proportional to the resonator length in
such a fashion that, while the largest loss in the lasers is
due to the end facet reflectivity, substantial attenuation due
to absorption and scattering is also present. The threshold
current density is approximately 1.3 kA/cm?, somewhat
higher than what we obtained earlier with (Zn.Cd)Se/
Zn(S,Se) MQW dicde lasers with high reflectivity coated
facets at room temperature.4 In principle, however, the
(Zn,Mg) (S,Se) quaternary optical cladding layers should
be advantageous in that, due to the larger band gap (band
edge emission of 2.972 eV from PL at 10 K for 9% Mg and
12% S), attenuation by the absorption tails of the alloy is
expected to be reduced. Typical laser threshold voitages at
room temperature were about 12-13 V in these initial
structures. Structures with three QWs comprising the ac-
tive region have shown threshold current densities of 1.8
kA /cm?. These structures also demonstrated slope efficien-
cies of 0.26 W/A.

The room temperature spectral characteristics of a
SCH SQW heterostructure are shown in Fig. 4. The figure
displays the edge emission spectra above and below the
laser threshold, centered at a wavelength of approximately
515 nm. The inset shows details of the laser spectrum
slightly above threshold, including the presence of well-
defined longitudinal modes. Depending on the duration
and duty cycle of the current pulse, more complex modal
behavior can occur, indicative of the presence of competing
transverse modes. By time resolving the emission charac-
teristics, we have also observed that the devices are quite
sensitive to gain-switching effects which also vary in their
detail from device to device, depending on the electrical
impedance of the particular diode. For example, for a 1 us
current pulse, the laser output can consist of several tem-
porally distinct pulses of shorter duration, especially as the
device deteriorates. In the limit of short electrical pulse
( <100 ns), we have observed gain-switched behavior,
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with short optical pulses (~1 ns) and high peak powers
(hundreds of mW) generated by the devices.

In summary, pseudomorphic (Zn,Mg)(5,Se}/
Zn(S,Se)/(Zn,Cd)Se QW SCH lasers have been grown,
fabricated, and characterized at room temperature under
pulsed conditions. With the SCHs, significant progress has
also been made in the reduction of the voltage necessary
for reaching the laser threshold. Extending the use of the
graded gap contact to index guided mesa devices has led to
observation of lasing at voltages as low as 7 V.1
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Abstract

The occurrence of phase separation in (100) ZnSe, S,
epitaxy was found by transmission electron microscopy. T
of the composition modulation ranges from 300 to 500 A. X-ray microanalysis of

and Zn,_,Mg,Se,_ S, layers grown by molecular beam
he direction of the phase separation is [011], and the period

the two regions resulting from the

phase separation showed one to be sulfur-rich and the other sulfur-deficient. The one-to-one correspondence of the
wavy surface structure and the composition modulation suggests that the phase separation occurs via nonuniform
incorporation of sulfur atoms into the wavy growth plane of the epilayer.

The employment of ternary ZnSe,_ .S, and
quaternary Zn,_,Mg Se,_ S  phases has led to
recent significant progress of blue-green diode
lasers [1-3]. These alloy phases provide consider-
able flexibility for designing laser structures un-
der the restriction of lattice matching to the GaAs
substrate crystal. Room temperature laser opera-
tions under pulsed conditions (1 us, 107> duty)
have been achieved for up to 1 h by using pseu-
domorphic structures in which ternary and qua-
ternary layers serve as wave guiding and cladding
layers, respectively {3].

During the course of the transmission electron
microscope (TEM) analysis of laser structures
grown by molecular beam epitaxy (MBE), we
have found phase separation in a number of the
ternary and quaternary layers. The phase separa-

* Corresponding author.

tion occurred nearly along the [011] direction in
the (100) epilayers. By X-ray microanalysis, the
phase separation was found to be periodic
changes of Se and S concentrations. Up to the
present, phase separation has been observed in
many 111~V alloy epilayers [4]. To our knowledge,
however, there are only few cases of phase sepa-
ration in 11— VI alloy epilayers {5}. The occurrence
of phase separation may have significant implica-
tion to the development of laser structures based
on these 1I-VI alloy phases. It is known to affect
transport and optical properties [4]. Earlier stud-
ies on light emitting devices based on InGaAlP
also suggest that phase separation may make the
device more degradation resistant [6]. In this pa-
per, we present TEM studies of phase separation
in these II-VI alloy layers, including results of
X-ray microanalysis.

The ternary and quarternary epilayers and
laser structures containing alloy layers were grown

0022-0248 /94 /$07.00 © 1994 Elsevier Science B.V. All rights reserved
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at temperatures ranging from 245 to 260°C on
(100) GaAs by using a Perkin-Elmer 430 modular
MBE system with elemental Zn, Se and Mg
sources and a ZnS source. The total cation-to-an-
ion flux ratio was adjusted to maintain a barely
anion-stabilized growth surface, as evidenced by a
diffuse (2 X 1) surface reconstruction. Average
compositions of quaternary epilayers were deter-
mined by using a Cameca SX50 electron micro-
probe. Average compositions of ternary layers in
laser structures were estimated based on the flux
conditions and X-ray rocking curve measure-
ments. A JEM 2000EX transmission electron mi-
croscope and a JEM 2000 FX analytical electron
microscope were used for examination of mi-
crostructures. Cross-sectional samples with two
orthogonal (011) directions and plan-view sam-
ples were prepared by ion milling. The conver-
gent beam electron diffraction technique was em-
ploved in order to identify the [011] and [011]
directions of cross-sectional samples [7].

A series of laser structures and alloy epilayers
were examined by TEM observations of {011} and
[011] cross-sectional samples. Among those lay-
ers, all quaternary epilayers with sulfur concen-
trations greater than x = (.2 exhibit strong phase
separation. About one half of the ZnSe,_.S,
layers with x = 0.07 were found to have phase
separation. In quaternary layers with sulfur con-
tents close to x =0.12, no clear image of phase
separation was observed; some layers appear to
exhibit very weak contrasts of phase separation.

Figs. 1a and 1b are 200 dark field images of
[011] and [011] cross-sectional samples of a
Zn,_,Mg Se,_ S, epilayer. The average compo-
sition of this epilayer is x =0.218 and y = 0.075.
The narrow bright band seen along the interface
with the GaAs substrate is a thin ZnSe layer.
Both images show many stacking faults originat-
ing at the interface region. They are believed to
be caused by the lattice mismatch between the
epilayer and the GaAs substrate. Ternary and
quaternary layers in laser structures whose com-
positions were selected to give rise to close lattice
matching to GaAs, however, were found to be
nearly free from these defects [3]. In the image of
the [011] cross-section, a periodic array of bright
and dark bands parallel to the growth direction
are seen from the bottom to the top of the
quaternary epilayera The period of this modula-
tion is about 450 A. In the image of the [011]
cross-section, on the other hand, no such periodic
modulation is observed, suggesting that the mod-
ulation is one-dimensional and parallel to the
(011] direction. Fig. 2 is a 020 dark field image of
a plan-view of the same quaternary epilayer. A
highly regular periodic array of bright and dark
bands is seen in the image. Directions of bands
are nearly parallel to the [011] axis. Widths of
bright and dark bands are not equal to each
other; the former is about 80 A and the latter 370
A. Dark segments in the image are due to defects
in the epilayer.

Fig. 3 is a bright field image of a [011] cross-

Fig. 1. 00 dark field images of (a) a [011] cross-section and (b) a [011] cross-section of a Zn,_,Mg,Se,_, S, (x =0.218 and

y = 0.075) epilayer.
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Fig. 2. 020 dark field image of a plan-view sample of a
an_yngScl_xS_ (x = 0.218 and y = 0.075) epilayer.

x

section of a laser structure containing ZnSe, _, S,
(x = 0.07) layers. In the image, a periodic array of
bright and dark bands due to phase separation is
seen in the lower portion of the ZnSe,_.S, layer
where Cl was doped as donors. In the upper
portion of the ZnSe,_ .S, layer where N was
doped as acceptors, the contrast modulation due
to phase separation is also seen, but its contrast is
much weaker than that in the lower portion. The
same trend, i.e., clearer images of phase separa-
tion in n-type layers than in p-type layers, was
observed in all laser structures in which phase
separation was found. The image of the phase
separation was observed far more clearly in the
quaternary layers with the sulfur concentrations
greater than x = 0.2 than in other layers, so that
detailed analyses of phase separation were car-
ried out by using these quaternary layers. The
X-ray microanalysis of compositions in bright and
dark bands was carried out on the plan-view
sample shown in Fig. 2 by using a JEM 2000 FX
analytical microscope. Concentrations of Se and
S in each band were directly estimated by using
the intensity ratio of the Ka radiation of Se and
the K radiation of S, following the proportional
relationship between the characteristic X-ray in-
tensity and the concentration for thin specimens
[8]. The average compositions of the epilayer was
also used for the estimation. By this analysis, the
sulfur concentrations in the bright and dark bands
were found to be x = 0.13 and x = 0.23, respec-

tively. The change of the Mg concentration and,
hence, the change of the Zn concentration, was
not detected because of the inability to observe
an X-ray peak of Mg. The intensity of the X-ray
radiation of Zn relative to those of Se and S did
not exhibit any systematic change between the
two bands.

Figs. 4a, 4b and 4c are dark field images taken
from the same area of a [011] cross-sectional
sample of the quaternary epilayer by using 200,
400 and 022 reflections, respectively. The change
of the contrast of the periodic modulation is

Fig. 3. Bright field image of a {011} cross-section of a laser
structure containing ZnSe, _, S, (x = 0.07) layers.
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consistent with the result of the X-ray microanal-
ysis. The 200 dark field image, which is the most
sensitive to the change of the composition within
one sublattice of the zinc-blende type structure,
exhibits the clearest image of the modulation.
The 022 image also exhibits clear contrasts of the
modulation, which is explained by the change of
the spacing of (022) lattice planes due to the
change of the sulfur concentration. The 400 im-
age, on the other hand, does not show any signifi-

cant contrast of the modulation. The absence of
the contrast in this image is attributed to the fact
that the spacing of (200) type lattice planes is not
affected by this phase separation and the crystal
structure of the 400 reflection is not sensitive to
the composition change within one sublattice.
The results described above clearly indicate
that phase separation can occur in ZnSe,__S,
and Zn,_,Mg Se, _ S, epilayers grown by MBE.
The X-ray microanalysis has shown that the phase

Fig. 4. Dark field images of a (011] cross-section of a Zny_,Mg Se;_,S, (x=0.218 and y = 0.075) epilayer. Reflections used are

(a) 200, (b) 400 and (c) 022.
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Fig. 5. Bright field image of a free surface region of a {011}
cross-sectional sample of a Zn, _,Mg,Se{ S, (x=0.218 and
y = 0.075) epilayer.

separation is described as the formation of S-rich
and S-deficient bands. To date, there has been
only one report on an experimental study of the
phase stability of the ZnSe,_.S, system, which
suggests that this alloy system is completely misci-
bie at 900°C [9]. It is also interesting to note that,
according to the delta lattice parameter (DLP)
model [10], the ZnSe, _,S, system is expected to
be completely miscible at the temperature used
in the MBE growth of the ternary and quaternary
layers. The present results, however, suggest
strong possibility that these ternary and quater-
nary systems tend to become immiscible at the
MBE growth temperature as the sulfur concen-
tration increases.

There are some unusual features of phase
separation in these alloy layers. Compared to
compositional modulations resulting from phase
separations in I~V alloy epilayers, the modula-
tion in the present case is highly regular and its
period is extremely large. Periods of composi-
tional modulations in III-V alloy layers grown by
MBE are typically several tems of Angstroms,
which are expected from surface diffusion lengths
during the MBE growth of 1II-V alloy layers [11].
The very large periods of the modulation in the
present case cannot be explained by surface dif-

fusion of atoms if one considers the growth tem-
perature of these II-VI alloy layers. There is one
observation which suggests a possible mechanism
for the formation of the compositional modula-
tion. TEM images of [011] cross-sectional samples
of quaternary epilayers having phase separation
show wavy surface structures of the epilayers. Fig.
5 is a bright field image showing such a wavy
surface structure. As seen in Fig. 5, the period of
the wavy surface structure exactly matches that of
the compositional modulation. At each hill of the
surface a sulfur-deficient band ends, and each
valley of the surface matches a sulfur-rich band.
Based on this observation, the following mecha-
nism is suggested. Sulfur is a highly volatile species
and, hence, is likely to attach only to step and
kink sites during the MBE growth. The wavy
surface structure, on the other hand, results in a
periodic variation of the step density; the step
density decreases at the hill and increases at the
valley region. The wavy surface structure, there-
fore, may result in nonuniform incorporation of
sulfur atoms and, hence, lead to the Composi-
tional modulation. It is unclear at present how
such wavy surface structures have formed only in
certain epilayers. Further studies are needed to
clarify the origin of phase separation in these
11-VT alloy layers.

This work has been supported by ARPA/ ONR
URI grant 218-25015, AFOSR grant F49620-92-
7-0440 and NSF/MRG grant 8913706-DMR.
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1
M= 6y

Re Ce

s e s -

My == vf—Pz_l- [
Actually, p, is the pole of eqn. |. where parasitic siements L. C

and R, are ignored. {n reality. p,; are the imagmnary poles of the
L C resonance cireuit composed ol L, and C.

Compensation circutt: Several methods may be applied to over-
come the ringing problem. One is to reduce the parasitics Dy using
double bonding, thick honding wires. of advanced packaging.

L
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Fig. 2 New compensation circuit Jfor reducing sertling time

Another is to introduce 2 circuit compensating the high-Q poles
by making a shunt path berween the output node and GND. Fig.
2 shows the new compensaton circuit inserted between node ¢ and
GND. This circuit acts as an RLC series circuit. where the =tfec-
tqve R, L and C are Rz, Lz and C,, vice versa. This circuit makes
a shunt path beween the output sode and GND around the reso-
gance frequency. Therefore. the =ffect of the hign-Q poies is mini-
mised and the peaking in the reguency response is reduced. The
effective Ry, Ly and Cz are controiled by the control signals £Qo,
EQ,, EQ. and EQ,. To cover 2 broad cange of the parameters of
inductance and capacitance. the circuit is made programmable.
Transistors Ma, ... s actuaily act as a resistor. when turned on.
The optimai condition is found under the actuai test environment.
This condition can be programmed into the device in the fabrca-
ton stage. or the user can find this for the specific appiicaton.
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Fig. 3 Comparison of sestling time characteristics

« Without compensation circuit

» With compensation circwit

R, = LOMW,. C = 6.0pF. Lp = 4008 C, = 20.00F.
Ry = 20.0W, Cz = 40pF. Lz = 7.0ng

Fig. 3a shows the step response of the uncompensated Circuit.
Fig. 3b shows the sep response of the compensated circuit. The
settling criterion for the 10 bit DAC is 0.05%. The settling time of
the uncompensated Circuit is 36.5 ns which is reduced t0 3.2ns for
the compensated case. If £, were 0. the- setling time would be
5.7ns.

This compensation Circuit was impiemented using a standard
CMOS process: a microphotograph of the circuit is shown in Fig.
4. The spirai inductor was made by two layers of metal (3}

Conelusion: The parasitic inductance of a bonding wire and the
.lead frame causes a ringing at the output node. and increases the
seutling dme. To reduce the sertling tme, 3 new compensation cir-
cuit was developed which is programmabie to cover 2 broad range

of parameter changes. This circuit was appiied to the output node
of a 10bit CMOS DAC.

Acknowledgment: The authors wouid like to thank S.-&. Kim. M.
Choi and M. Song for various contributions to this work.
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Continuous-wave, room temperature, ridge
waveguide green-blue diode laser

A. Salokarve. H. Jeon. J. Ding, M. Hovinen.

A.V. Nurmikko, D.C. Giilo. i He. J. Han. Y. Fan.
M. Ringie. R.L. Gunshor. G.C. Hua and N. Otsuka

[ndexing terms:

Continuous-wave (CW) operauon of adge wavegude quantum
weil diode lasers in the Zeef biue has been demonstrated at
voltages as low as 14V in ZnCdSe/ ZnSSe/ ZaMeSSe
pseudomorphic  separate sonfinement heterosructures. with
output powers up o {0mwW.

Since their incepdon in 1991. the blue-green diode lasers based on
-Vl compound semiconductors have wimessed rapid develop-
ment. One milestone was reached very receatly with the reported
demonstration of brief CW laser operation in ZnSe-based quan-
qum weil (QW) devices at room {emperarure. where high retlectv-
ity resonator facet coangs and efforts at officient heatsinking
were empioved to. reach the conditions necessary -for lasing (1}
Furthermore. the electrical bias aecessary for laser operation was
high. especially in terms of the threshold voitage (V. = 17 V). The
large etectrical loading that these bias conditions tmply is incom-
patble with technotogicaly viaple lasers. sspecially as they lead
fundamentaily to very rapid degradation of the components. By
adapting a particuiar scheme for improved electrical contacting,
we have recendy shown that it is possible to reduce the operatng
voitage of an index guided. Adge-waveguide diode laser to vaiues
of ¥, = 7Y (2]. Here we show that continuous wave operation at
coom (emperature can be obtained from these types of device,
without resorung to acet coaungs. at voltages as low as Vi =
14V,

The diode lasers described delow were separate confinement
devices (SCH) where moiecular beam epitaxy (MBE) was used 10
zrow the pseudomorphic Zn, .Cd.Ses ZnS.Se.. Zn, MgSSe.., on-
;unction pererostructures o n-type homoepitaxiaily grown Gans
puifer lavers. imitiai reports on gun uuided devices hased on this

ath Decemper 1993 Vol. 29 No.25




w o« o

R

n » U]

[1-V1 materni scheme 302 were jollowed by the demonstration ot
tow threshoid current. high duty cwele puised operation in index
guided structures (3] the fatter oded by high rerlectiviey facet
coatnys. In particular. ihe approacih m (= included the applica-
don of low resistance gridetd gup ZnSeTe contacts (6. 7] to the
topmost p-ZaMy3Se kusur.

{a the present devices. the (d concentration in the 75A thick
active Zn, Cd Se QW laver was v = 1).2(). The suiphur concentra-
tion in the ternury ZnS Su. Wiy v = 007 and v = 0.12 in the
Za, Mg3. 5e  yualernan layer in which the Mg concantration
was = = 0.09. The active laver was sandwiched betwesn the p- and
n-tvpe layers of ZnSSe of ~1200A thickness. respectively. The
outer p-and -ivpe cladding lavers ol ZaMgSSe were ~0.30um
thick. A tlonA thick w-ype 7nSSe transition laver was also
grown adjucent to the a-Gars butfer layer. Other details of the
growth and CHArACIerisation 45 well as mutenal parameters can be
found in [+ wciuding the p-ZnSeTe yruded bandgap contact {aver
(0 which the PdAu top sieutrode was appiied. Transmission clec-
{rON MICrOSCODY Wus Used {© verify that the pseudomorphic condi-
tions were indeed reached. i.e. thut no significant density of
dislocations wus present. The muaterial was procsssed to ~—i—4.5
um wide ridge waveguide devices by 4 seifaiigned technique
emploving drv etching and SO~ polvimide planarisation. Special
attention was paid o perrorm all the processing steps well below
the MBE growth lemperature (T, = 230-300°C). The depth of
the etched region reached to within 2500A of the actve QW
region. A scunning elecron mMICroscooe image of a device is shown
in Fig. l. displaying the cienved tucet. Typical resonator lengths of
the devices were 300um to |mm and no reflective facet coatings
were empioved. The devices were mounted with the GaAs sub-
strate in contact with a Cu block. un urrangement which provided
oniy a limited amount of usetul heutsinking.

p-ZnSeTe

33/

Fig. | Scumung clectron micrographt of ridige waveguide laser device
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Fig. 2 Oprtcul vutput power against current und voltage against cur-
rent for nwr rpomt temperature devices undier CW condittons

Data points Jdre connected by lines (0 guide the 2ve: no reflective
facet coaunys were appiled
T = 300K. [ndex-guided aser
® device |
M device 2

Fig. 2 shows both the fight output and current-voltage charac-
teristics ol two < um wide devices at room remperature under i
CW clectricai bas. The fasiy threshold in these 1000um long
devices wats reached al wocurrent [. = 3mA und voitage V, =
24V, The destees were aommally entesl: the siignt difference in
therr vutpul ~ prombiy (e o snadl Huctuanons in the process-
ing. The munsured Jiiferentai vuanium eiticieney is n = 23% per

—

facat. which is somewnat lower than that obtained under low duty
cycie puised excitation in = 25% per facet). The threshold current
densities :n our devices tave ranged from /., = 600 to {100A/ cm-,
depending on the cavity length. (Threshold currents down @0
0mA have be=n measured in 300um long devices.) Under the CW
conditions. output powers up (0 10mW have besn measured.
While the threshold voitage shown in Fig. 1 regresents u major
advance over previous results. we believe that further improve-
ment is suil possible as better understanding is being sought for
verticai transport and 2ain mechanism in these hetsrostructures.

mlensity, arbitrary unils
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Fig. 3 Cumpartson of emission spectra benveen puised. low duty cxcle
(10~ vperation and CV lasing at room temperature for the injec-
tion currents ingicated

a Puised. 7= J00K. [ = 2TmA
5 CW. T =300K./=15mA

Fig. ) display: sxampies of the well defined longitudinal mode
spectra cypical for our devices. compared here for a 300um long
device under puised low duty cycle (10" and CW condiuons. Sia-
gie transverse mode operation was routinely obtained. The CW
emission waveiength is centred at A = 508.8nm and is hence red-
shifted by Ak = l.4nm when compared with puised emission. This
indicates that. on the average. the lattice temperature in the actve
region is approximateiy only 20-25°C higher under CW condi-
tions. These first devices have lased in excess of 20s before failure
in the CW mode. indicative of the importancs of defect generation
and degradation in the high current density and high optical inten-
sity ambience. a subject of current studies.

[a summary. we have demonstrated a low voitage. continuous-
wave room temperature green/ biue diode laser v taking advan-
tage of an ohmic contact scheme. a pseudomorpiic separate con-
finement heterostructure. lateral optical confinement. and low
temperamure processing. The low threshold voitage. in particuiar.
is encouraging from the viewpoint of the further devetopment of
these sources towards tecanological reality.
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Microstructure study of a degraded pseudomorphic separate confinement
heterostructure blue-green laser diode
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M. Hovinen and A. V. Nurmikko
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(Received 5 May 1994; accepted for publication 28 June 1994)

The microstructure of a degraded II-VI blue-green laser diode based on the ZnCdSe/ZnSSe/
ZnMgSSe pseudomorphic separate confinement heterostructure has been examined by transmission
electron microscopy. Triangular nonluminescent dark defects observed in the laser stripe region by
electroluminescence microscopy have been identified to be dislocation networks developed at the
quantum-well region. The dislocation networks have been observed to be nucleated at threading
dislocations originating from pairs of V-shaped stacking faults which are nucleated at or near the
-VI/GaAs interface and extending into the n-ZnMgSSe lower cladding layer.

Since the first blue-green lasers and light-emitting diodes
based on wide band gap II-VI semiconductor materiais
grown by molecular beam epitaxy (MBE) were realized in
1991,1% effort has been directed at obtaining low threshold
current and voltage, high output power, and long lifetime of
the devices. A ZnCdSe/ZnSSe/ZnMgSSe separate confine-
ment heterostructure (SCH) appears, at this time, to be the
most promising structure for 1I-VI  blue-green laser
devices.*~% cw laser operation for a lifetime exceeding 20 s
at room temperature has been reported for a ridge
waveguided laser device based on such heterostructures.’

Guha er al. were the first to report the microstructure of
a degraded blue-green light-emitting device based on the
7ZnCdSe/ZnSSe single confinement structure, although not
operating as a laser.® In this letter we report a detailed mi-
crostructural study of a particular degraded gain-guided laser
device based on the ZnCdSe/ZnSSe/ZnMgSSe pseudomor-
phic SCH structure carried out by transmission electron mi-
croscopy (TEM). We have found that triangular nonlumines-
cent dark defects, which we first observed by electro-
luminescence (EL) microscopy, and which are clearly related
to device degradation, consist of a patch of a dislocation
network developed at the active quantum-well (QW) region.
By using TEM stereo microscopy, it has been found that the
dislocation networks are nucleated at threading dislocations
originating from pairs of V-shaped stacking fauits. The stack-
ing fauits are nucleated at or near the [I-VI/GaAs interface.

The gain-guided laser device was fabricated from a
ZnCdSe/ZnSSe/ZnMgSSe  pseudomorphic SCH  structure
which is similar to the structure we reported before’ except
that the current structure has three QWs. Transparent indium-
tin-oxide (ITO) contacting material was deposited as the con-
tact for the 20-um-wide and 1-mm-long laser stripe. The
device was kept at 11 V for 15 min with a duty cycle of 4%,

Upresent address: Department of Materials Science, Japan Advanced Tnsti-
tute of Science and Technology, Hokuriku, Nomigun, Ishikawa 923-12,
Japan.
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resulting in an injected current density estimated to be 1.5-2
kA/cm?>. The device lased for a few seconds at the beginning
of the test. Formation of triangular nonluminescent dark de-
fects in the laser stripe region was observed by EL micros-
copy performed through the ITO contacting material.

Following degradation, the microstructure of the device
was studied using plan-view TEM in a JEOL 2000EX trans-
mission electron microscope at 200 kV. The TEM sample
was prepared by ion milling the device from the bottom of
the GaAs substrate first until a perforation was made. The
sample was also ion milled gradually from the top side to
achieve electron transparency. The edge of each interface
between two adjacent layers around the perforation was ob-
served as a line in the plan-view TEM images. Based on
those lines, each particular layer which remained in the TEM
sample after each ion milling was identified.

Areas that are away from the laser stripe region, and
therefore are nondegraded, were investigated first. Misfit dis-
locations in this particular imperfectly lattice-matched laser
sample were observed at the p-ZnMgSSe (cladding)/p-
ZnSSe (waveguiding) interface, although the average spac-
ing between them was found to be larger than 50 pm. No
misfit dislocations were observed at other interfaces, except
for those within the Za(Te,Se) graded layer ohmic contact
region which is highly lattice mismatched. Pairs of V-shaped
stacking faults and associated threading dislocations were
observed as the most commonly observed type of defects
present in the structure. In the degraded laser stripe region,
patches of defect networks were observed.

Figure 1 is a representative TEM bright field image
showing a part of such a defect network. Weak-beam imag-
ing using the reflection g=2i0 with the reflection 3g oper-
ating indicated that the networks consist mainly of disloca-
tion dipoles. The dislocation dipoles are elongated mainly
along two directions. It is not clear at present whether these
dipoles are of the interstitial type or of the vacancy type; it is
unclear whether they contain a fault. Three nearly vertical
dark bands are seen in the right-hand part of Fig. 1. They

© 1994 American institute of Physics 1331




FIG. 1. Bright field image showing a part of a patch of a dislocation net-
work.

have been identified to be the edges of the three QWs in the
wedge-shaped plan-view TEM sample. Only the area on the
left-hand side of the dark bands inciudes the QWs. The dis-
location nerwork starts to show at the edges of the QWs,
which indicates that the network is localized at the QW re-
gion.

Figures 2(a) and 2(b) are two bright field images taken
from the same area. The ends of two patches of dislocation
networks [marked D1 and D2 in Fig. 2(a) only] are observed
in the images. D1 is the end of the same dislocation network
as is shown in Fig. 1, while D2 is the end of another dislo-
cation network. The two patches of dislocation networks are
much denser at the end area, and they are well bounded
along iwo directions, which are nearly the [340] and [340]
directions. Dislocation networks bounded along nearly the
[430] and [430] directions have also been observed. These
directions are in agreement with the two sharp edges of the
triangular dark defects observed in our EL microscopy
images.9 Therefore, we identify the dislocation networks
with the triangular dark defects observed in EL.

It is observed in Fig. 2 that each of the two dislocation
networks originates from a dislocation [marked T1 or T2 in
Fig. 2(a) only] which in turn starts from a pair of V-shaped
stacking faults (S1 and S2). (In Fig. 2(b) the contrast from
the two stacking faults vanishes due to the diffraction condi-
tion, while the partial dislocations bounding them are clearly
observed.] As mentioned before, this type of defect complex,
consisting of a pair of V-shaped stacking faults together with
associated threading dislocations, is the most commonly ob-
served defect present in the device structure, aiso including
the nondegraded areas that are as far away from the laser
stripe as 0.25 mm. Therefore, these defect compiexes are
believed to represent defects formed during the MBE
growth. Their density is estimated to be in the middle
10°/cm” range.

The three-dimensional arrangement of the defects shown
in Fig. 2 has been investigated by using TEM stereo micros-

1332 Appl. Phys. Lett., Vol. 65, No. 11, 12 September 1994

FIG. 2. Bright field images (of the same area but with two orthogonal
reflections operating) showing two patches of distocation networks (D1 and
D2). These are nucleated at threading dislocations (T1 and T2) which origi-
nate at a pair of V-shaped stacking faults (S1 and S2).

copy. Two bright field images used as a stereo pair were
taken with the same reflection g =220 operating, but with the
electron beam incident direction about 5° off from the [001]
direction toward the [112] and the [112] directions, respec-
tively. The result is schematically shown in Fig. 3. The two
patches of dislocation networks were observed to reside at
the same depth level. which is the QW region, as mentioned
before. The two stacking faults appear to begin at or near the
[I-VI/GaAs interface and end at the n-ZnSSe/n-ZnMgSSe
interface. Here, the depth in the structure over which the
stacking faults extend was derived from the dimensions ob-
served from the [001] direction, since we know that the
stacking faults lie on the (111) and (111) pianes, respectively.
Contrast analysis of Fig. 2(b) indicates that the partial dislo-
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FIG. 3. Schematic showing the three dimensional arrangement of the de-
fects shown in Fig. 2.

cations bounding the stacking faults are Shockley partial dis-
locations with the Burgers vector b=1/6{112). The two par-
tial dislocations bounding each of the stacking faults unite at
the n-ZnSSe/n-ZnMgSSe interface to form a perfect (or nar-
rowly dissociated) dislocation having the Burgers vector
b=1/2{110] and threading upwards. When the dislocation
reaches the QW region, as can be seen in Figs. 2(a) and 2(b),
it appears that the dislocation starts to dissociate widely
again, resulting in formation of a small stacking fault starting
at that region. We note that dissociation at the QW region of
the dislocations starting from the V-shaped stacking faults
has also been confirmed for more than ten of these of defect
complexes observed in the nondegraded areas. The defect
finally becomes a dislocation half-loop at or near the
p-ZnMgSSe/p-ZnSSe interface, and threads upwards. The
detailed dislocation reaction near the p-ZnMgSSe/p-ZnSSe
interface is not clear at present.

The formation of the dislocation networks developed at
the QW region can be explained by climb motion of the
dislocations penetrating the QW region. Since the dislocation
networks were observed only in the laser stripe region, it can
be concluded that the dislocation climb motion was probably
enhanced by carrier recombination during the current injec-
tion, as suggested for the formation of dislocation networks
in degraded GaAlAs/GaAs double-heterostructure (DH)
lasers.”® Unlike the situation in lattice-matched GaAlAs/
GaAs DH laser structures, the active QW region in the
present ZnCdSe/ZnSSe/ZnMgSSe SCH configuration con-
tains large compressive lattice strain. This compressive lat-

Appl. Phys. Lett., Vol. 65, No. 11, 12 September 1994

tice strain may be responsible for the dissociation of the dis-
locations (e.g., T1 and T2 in Figs. 2 and 3) in the QW region.
If the dipoles in the dislocation networks observed in the
present ZnCdSe/ZnSSe/ZnMgSSe SCH laser structure are
composed of vacancies, formation of them may contribute to
the relief of the compressive lattice strain in the QW region.

In summary, we have carried out a detailed microstruc-
tural study of a particular degraded blue-green laser device
fabricated from the ZnCdSe/ZnSSe/ZnMgSSe SCH configu-
ration by TEM. Triangular nonluminescent dark defects ob-
served by EL microscopy in the laser stripe region have been
identified to be patches of dislocation networks developed at
the QW region. The networks consist mainly of dislocation
dipole branches elongated nearly along the (430) directions
when projected to the (001) plane. Complexes of defects
consisting of a pair of V-shaped stacking faults which are
nucleated at or near the I-VI/Gas interface, and associated
threading dislocations, have been observed as the most com-
monly observed defects present randomly throughout this
SCH laser structure, including nondegraded areas. These de-
fect'complexes are believed to represent defects formed dur-
ing the MBE growth. The dislocation networks have been
observed to be nucleated at such complexes of defects. The
results suggest the importance of eliminating point defects as
well as stacking faults and threading dislocations in the laser
structures. Subsequent structures having modified growth of
the QW region (primarily higher growth temperature to re-
duce point defects) exhibited a reduced tendency for the gen-
eration of dark defects, and resulted in the room temperature
cw operation cited above.

This work was supported by ARPA/ONR University Re-
search Initiative Grant No. 286-25043, AFOSR Grant No.
F49620-92-J-0440, NSF/MRG Grant No. 9221390-DMR,
and NSF Grant No. 9202957-DMR.
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D (donor) X center behavior for holes implied from observation

of metastable acceptor states
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The observation of persistent photoconductivity in nitrogen-doped p-ZnMgSSe at low temperature
is reported. The increase of conductivity after illumination appears due to a metastable population
of holes which are in thermodynamic equilibrium with hydrogenic acceptors having reduced
activation energy. The experimental evidence suggests the presence of a DX-like [D (donor) X
center] behavior for holes. © 1994 American Institute of Physics.

Low-resistivity p-type ZnSe was first reported in 1990"
as the result of employing an f nitrogen plasma source dur-
ing growth by molecular beam epitaxy (MBE). The capabil-
ity of achieving amphoteric conductivity in ZnSe and
Zn(S,Se) was one of the key factors responsible for the dem-
onstration of blue/green diode lasers in 1991,>* though at
that time the laser operation was confined to cryogenic tem-
perature, or at room temperature under pulsed excitation. The
proposal by Okuyama er al.’ for adding group IIA Mg into
7n(S,Se) provided opportunities for simultaneous lattice
matching (to GaAs) with band gap widening/tuning through
control of alloy fractions. Pseudomorphic separate confine-
ment heterostructure (SCH) lasers based on this novel qua-
ternary were subsequently implemented.6 Brief  room-
temperature continuous-wave (Cw) operation was reported’
from such structures when employing a Zn(Se,Te) pseudo-
graded contact to p-ZnSe.9

Since. the ohmic behavior of the graded contacting
scheme is maintained down to cryogenic temperatures.”’ the
Zn(Se,Te) contact provided an opportunity to investigate the
electrical transport properties of p-type ZnSe. The study of
temperature-dependent Hall measurements led the authors to
speculate that the transport behavior of nitrogen acceptors in
p-ZnSe supports a hydrogenic effective-mass model.'’ In ad-
dition, it was subsequently noted (Fig. 1) that the apparent
activation energy increases quite rapidly (from 90 to 177
meV) as the host material changes from binary ZnSe
(Eg~2.8 eV at 10 K) to quaternary 704 63MEy.0750.145€0 86
(Eg~2.96eVat 10K . The magnitude of change presents
a significant deviation from an effective-mass model where
changes are simply due to variations of material parameters.
Following previous interpretations of similar trends observed
for some p-type dopants in [II-V alloys, the increase in ap-
parent activation energy was tentatively attributed to central-
ceil corrections.!! At the same time we speculated that the
appearance of the second freeze-out slope (ZnMgSSe curve
in Fig. 1) indicated the presence of a shallower acceptor of
much lower concentration.

The observed rapid “deepening” of the acceptor activa-
tion energy (E,) for the nitrogen dopant in wider band gap
alloys of ZnSe contributes directly to the magnitude of ex-
isting device impedances. As a resuit, the drastic increase of
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E, from binary to quaternary imposes serious limitations on
the exploration of shorter wavelength diode laser configura-
tions employing higher Mg and S fractions. In this letter we

" address two issues relative to the p-type nitrogen doping of

the wide band gap quaternary alloy, namely the exploration
of the origin of the second shallower level observed at low
temperatures, and an explanation for the rapid increase of
acceptor activation energy oOver that of ZnSe. The observa-
tion of persistent photoconductivity (PPC), the appearance of
a metastable shailow hydrogenic level, and the large differ-
ence berween the thermal and optical ionization energics,
taken together suggest that the observed deepening of the
nitrogen level in the alloy system is due to a shallow-deep
wransition through a latticé relaxation around the impurity
atom. a phenomenon quite similar to the so-cailed “D (do-
nor) X center” behavior observed in many n-type [11-V and
-1 semiconductors.'> Such DX center phenomenon is of-
ten described as a manifestation of the extrinsic
self—trapping13 of electrons. In previous reports we have de-
scribed, in the context of photoluminescence measurements,
the extrinsic self-trapping of photoexcited holes in connec-
tion with the isoelectronic doping of ZnSe with Te.'*

The transport measurements were performed on nomi-
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FIG. 1. Free-hole concentration vs inverse temperature for nitrogen-doped
ZnSe and ZnMgSSe epilayers. The apparent activation energy values 0b-
tained from the carrier freeze-out is labeled.
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FIG. 2. (a) Free-hole concentration and (b) Hall mobility vs inverse tem-
perature for a ZnMgSSe epilayer. The solid dots represent data taken in the
dark. The second slope in the Arrhenius plot of free-hole concentration,
which appears below some critical temperature, is interpreted to represent
the presence of a shailow hydrogenic acceptor state. The photoionization
occurring under illumination for photons above 1.63 ¢V results in a meta-
stable persistent photoconductivity supported by free holes in thermody-
namic equilibrium with the shallow acceptor state.

nally 2 um thick nitrogen-doped p-type ZnSe and ZnMgSSe
epilayers grown on semi-insulating GaAs by MBE. Details
of the epitaxial growth procedure,'® the design and growth of
the Zn(Se,Te) graded layer contacts,’ and the preparation of
Van der Pauw samples10 have been described previously. In
addition to the temperature-dependent Hall measurements
(whose maximum temperature was limited to 320 K), inde-
pendent resistivity measurements were performed in a
variable-temperature probe station from 100 to 450 K on
samples with a well-defined rectangular geometry. Optical
illumination was provided by a tungsten lamp with excitation
wavelength selected through a Bausch & Lomb monochro-
mator. Various filters were employed to ensure the blockage
of the higher-order harmonics; the illumination intensity was
monitored using a calibrated Si detector.

Figure 2(a) shows an Arrhenius plot for the free-hole
concentration of a ZnMgSSe epilayer, obtained from Hall
data, in which the appearance of two slopes (E,; =177 meV
and £ ,, =90 meV) along the freeze-out curve obtained in the
dark (solid circles) is observed. For this sample secondary
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FIG. 3. Resistivity of a rectangular bar vs inverse temperature. The persis-
tent photoconductivity in the quaternary is associated with a drop in resis-
tivity of more than two orders of magnitude. Under similar illumination, the
ZnSe epilayer shows about a 10% reduction in resistivity at low tempera-
ture.

ion mass spectroscopy {SIMS) shows a nitrogen concentra-
tion [N] of approximately 1.0X 10 cm ™. Upon illumination
of the sample with wavelengths shorter than 750 nm
(E,>1.65 eV) at 110 K, the hole concentration increased by
orders of magnitude and persisted (in the dark) during the
first part of a warm-up process. In contrast, the photoconduc-
tivity remained practically unchanged even under prolonged
(on the order of minutes) exposure to photons when the irra-
diation wavelength was longer than 900 nm. The gradual
increase of the hole concentration during heating (open
circles) is characterized by a linear dependence with a slope
that indicates a shallower level, and one having a similar
activation energy to that obtained from Hall measurements
(in the dark) on ZnSe:N (Fig. 1). Further insight into the
transport behavior was obtained through the resistivity mea-
surement from 100 to 450 K, as shown in Fig. 3. Persistent
photoconductivity, with a resistivity decrease of more than
two orders of magnitude, is again observed at low tempera-
ture. As a comparison to the quaternary ailoy, an identical
illumination experiment performed on nitrogen-doped ZnSe
shows approximately a 10% reduction in the sample resistiv-
ity at low temperatures (Fig. 3).

Phenomenological comparisons between the behavior of
n-type lII-V compounds and the evidence reported here tend
to support the assertion that nitrogen acceptors in
p-ZnMgSSe possess a DX nature; the proposed relaxed state
here should perhaps be called an ‘““Afaccepror)X center”.
DX centers are characterized by a large difference between
the thermal (derived from temperature-dependent Hall mea-
surements) and optical ionization energies; this is taken to
imply that impurity atoms undergo strong coupling to the
host lattice.'” The deep localized DX level and its tetrahedral
hydrogenic manifestation are separated by capture and emis-
sion barriers as a result of phonon coupling. The appearance
of the second, less steep freeze-out slope, observed in the
dark below the critical temperature T, signifies that the
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freeze-out of "holes into the deep localized levels (AX cen-
ters) is inhibited by the thermal capture barrier!® associated
with the lattice relaxation. Below T, and in the dark, the
interaction between free holes and the relatively shallow hy-
drogenic level becomes the only allowed exchange, hence,
the reduced slope of the freeze-out characteristics below T
Illumination at low temperature (with photon energies
greater than the optical ionization energy) converts the local-
ized deep states into shallow hydrogenic levels. Below T,
thermal equilibrium, wherein the population of these two
states (deep and shallow) would foilow Fermi-Dirac statis-
tics, cannot be reached due to the “isolation” produced by
the thermal capture barrier. The capture barrier thus facili-
tates a low-temperature, metastable population of holes
which are restricted to the valence-band-hydrogenic acceptor
combination; the result is the observed persistence of photo-
condudtivity. The similarity of the value of £, for the shal-
lower level of ZnMgSSe:N to that of ZnSe:N provides com-
pelling evidence that both originate from the hydrogenic
effective-mass impurity level.

The warm-up characteristics of the hole concentration
after illumination offers further insight into the origin of the
PPC, as the observation of PPC alone is known to be a nec-
essary (but not sufficient) condition for concluding the exist-
ence of DX centers.'? The initial linear increase of the PPC
with increasing temperature {as opposed to a constant or de-
creasing dependence) is an effect which seems not readily
accounted for by models for PPC involving carrier separa-
tion due to macroscopic potential barriers,'” but is certainly
consistent with the presence of microscopic barriers due to
lattice relaxation. In fact the warm-up process below T, can
be modeled precisely18 as a p-ZnMgSSe sample doped with
only shailow nitrogen acceptors, specifically with £, of 90
meV. When the temperature exceeds T, the lattice relax-
ation again occurs and the AX centers start to dominate the
electrical transport.

The rapid increase of nitrogen £, from ZnSe to
ZnMgSSe appears to be in close analogy to the behavior of
substitutional donors in the GaAs-AlGaAs system.12 The
implication is that the “deepening” observed in the [I-VI
system is likely a reflection of the relative positioning be-
tween the I-point valence-band edge (sensitive to the alloy
composition) and the highly localized deep state (less sensi-
tive to the alloy composition). The addition of Mg and S to
ZnSe has the effect of pushing the valence-band edge (and
the hydrogenic acceptor level) downward, and causes the
observation of the AX level (now lying within the band gap)
to be energetically more favorable.'”® In fact such a corre-
spondence berween n-AlGaAs and p-Zn(Mg)S(Se):N can be
viewed as having been anticipated by the theoretical model
for large lattice relaxation presented by Chadi and Chang™ in
the context of their discussion of the traditional difficulty in
obtaining p-ZnSe.

In summary, we have investigaied the issue of acceptor
activation in p-type ZnMgSSe. It was found that the rapid
increase of activation energies from ZnSe to the quaternary
seems consistent with a lattice relaxation mode} similar to
DX centers in n-type AlGaAs. The observation of persistent
photoconductivity, a second metastable hydrogenic level, and
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the large difference between thermal and optical depths pro-
vide support for such an assertion. In light of the experiments
described here, it is notable that the concluding remarks in a
recent review of DX centers raised the question of why DX-
like behavior had not, at that point, been observed for
holes.'? It seems unlikely that nitrogen-doped ZnMgSSe is
the only material system so far with p-type AX center be-
havior. Interest in this material in the context of blue/green
light emitters mandates seeking means to eliminate AX cen-
ters.
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